We developed a transcript profiling methodology to elucidate expression patterns of the cyanobacterium Synechocystis sp. strain PCC 6803 and used the technology to investigate changes in gene expression caused by irradiation with either intermediate-wavelength UV light (UV-B) or high-intensity white light. Several families of transcripts were altered by UV-B treatment, including mRNAs specifying proteins involved in light harvesting, photosynthesis, photoprotection, and the heat shock response. In addition, UV-B light induced the stringent response in Synechocystis, as indicated by the repression of ribosomal protein transcripts and other mRNAs involved in translation. High-intensity white light-and UV-B-mediated expression profiles overlapped in the down-regulation of photosynthesis genes and induction of heat shock response but differed in several other transcriptional processes including those specifying carbon dioxide uptake and fixation, the stringent response, and the induction profile of the high-light-inducible proteins. These two profile comparisons not only corroborated known physiological changes but also suggested coordinated regulation of many pathways, including synchronized induction of D1 protein recycling and a coupling between decreased phycobilisome biosynthesis and increased phycobilisome degradation. Overall, the gene expression profile analysis generated new insights into the integrated network of genes that adapts rapidly to different wavelengths and intensities of light.
While sunlight provides the energy for life, intermediatewavelength UV light (UV-B) and long-wavelength UV light (UV-A) injure many organisms. UV-B (280-to 320-nm-wavelength) light generates radicals that damage proteins, nucleic acids, lipids, and the photosynthetic apparatus. The latter damage appears in the form of impaired photosystems I and II, decreased oxygen evolution and CO 2 fixation, inactivation of ATPase activity, reduction in chlorophyll content, and decreased biomass (33) . Notably, the D1 protein of the light energy converting complex photosystem II is quite sensitive to UV-B light (10) . Although less harmful than UV-B irradiation, UV-A irradiation (320-to 400-nm-wavelength light) also damages proteins, nucleic acids, lipids, and photosystems (11) . UV-A irradiation leads to the intramolecular cross-linking of several tRNA species (2) , which results in poor aminoacylation and triggering of the stringent response-a phenomenon that reduces the rate of stable RNA, ribosome, and translation factor synthesis, thus arresting growth (32) . Higher fluxes of white light also cause a loss of photosynthetic productivity (photoinhibition) (30) .
In cyanobacteria, more than 99% of UV-B is absorbed by chlorophyll-binding proteins and the light-harvesting complexes (phycobilisomes) (20) . Carotenoids protect cells against photooxidative damage by absorbing triplet state energy from chlorophyll and quenching singlet state oxygen (15) . In response to changes in light quantity or quality, cyanobacteria modulate the abundance of chlorophyll, phycobilisomes, and carotenoids and generate antioxidants and enzymes involved in radical scavenging (33) . Upon irradiation with UV, chlorophyll levels decrease (33) , while carotenoid content increases (8) . Phycobilisomes adapt to different spectral qualities of light by adjusting their size and content (18) . In addition, phycobilisomes are also used by cyanobacteria as nutrient reserves (4) .
The photosystem II reaction center polypeptides D1 and D2 are involved in a degradation-resynthesis cycle. Photodamaged D1 and D2 polypeptides are degraded and replaced by newly synthesized polypeptides. Both psbA2 and psbA3 transcripts specifying the identical D1 polypeptide in the cyanobacterium Synechocystis sp. strain PCC 6803 are elevated significantly by UV-B irradiation (23) . The recycling of damaged D1 polypeptide is likely to involve multiple enzymes, of which the FtsH protease has been identified (22) .
Upon exposure to intense white light, cyanobacteria accumulate transcripts of several proteins that belong to the highlight-inducible protein (HLIP) family (13) . HLIPs are present in cyanobacteria and plants and belong to the superfamily that also includes plant chlorophyll a or b-binding proteins and early light-induced proteins (7) . HLIPs and early light-induced proteins have been proposed to protect photosynthetic pigments from photooxidative damage (24) .
Although much is known about the physiological changes of photosynthetic organisms in response to UV-B and white light, little is known about the genetic regulatory networks that enable the organisms to respond to such environmental changes. Recently, DNA microarray technology has become a powerful tool for studying gene expression and regulation at the genomic level (5) . Such comprehensive methods have been extended to prokaryotic organisms (27) . The complete genomic sequence of Synechocystis sp. strain PCC 6803, a unicellular cyanobacterium, has been determined (16) . It is composed of s Ϫ1 for high UV-B). The second petri dish containing the other portion was shaken at 100 rpm under 25 . RNA isolation and fluorescence-labeled cDNA synthesis. RNA isolation and fluorescence-labeled cDNA synthesis protocols were adapted from methods optimized for Escherichia coli (34) . Immediately after the UV-B or high-intensity white light treatment, Synechocystis cells were cooled on ice and centrifuged at 3,200 ϫ g for 5 min at 4°C. Total RNA samples were isolated using a Qiagen RNeasy mini-kit and digested with RNase-free DNase (Qiagen). Microarray analysis was performed using cDNA derived from total RNA isolations. Cyanine-3 (Cy3) and cyanine-5 (Cy5) fluorescent dye-labeled cDNA probes were prepared individually from 6-g total RNA samples isolated from both control and treated cultures in reverse transcription reactions primed by random hexanucleotides. The purified probes were quantified by measuring the absorbance at 260 nm (RNA yield), 550 nm (Cy3 dye incorporation), and 650 nm (Cy5 dye incorporation). cDNA probes with equal amounts of incorporated labels (100 to 200 pmol) were dried under vacuum and redissolved in hybridization buffer (5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 50% formamide, 0.1% sodium dodecyl sulfate, 0.03 mg of salmon sperm DNA per ml) (Gibco BRL, Gaithersburg, Md.).
Hybridization to microarray slides and data analysis. For the RNA sample from each Synechocystis culture, two hybridization reactions were performed. The first reaction used equal amounts (typically 100 to 200 pmol of florescent dye) of Cy5-labeled cDNA from a treated sample and Cy3-labeled cDNA synthesized from a control sample; the second hybridization used reciprocally labeled cDNAs. It has been found previously (34) that a skew of signal intensities introduced by the differences in Cy3 and Cy5 florescent dyes can be eliminated by swapping the dyes in two separate hybridization reactions and averaging the signals from both data sets. Because each spotted slide contains a near-complete set of spotted ORFs of the Synechocystis genome, four independent measures of each mRNA in the RNA samples were performed in each two-slide hybridization experiment.
Two separate Synechocystis cultures were used in the UV-B treatment experiments with 20 microeinsteins of UV-B irradiation m Ϫ2 s Ϫ1 and an exposure period of 20 min, which resulted in two pairs of control and treated RNA samples and eight independent measurements. Similarly, eight independent measurements were obtained for 2 h of treatment with 20 microeinsteins of UV-B m Ϫ2 s Ϫ1 . In both experiments, data analysis showed that the duplicate RNA samples gave essentially the same transcription profile. For the UV-B irradiation at 60 microeinsteins m Ϫ2 s Ϫ1 and intense white light treatment at 200 microeinsteins m Ϫ2 s Ϫ1 , one pair of control and treated RNA samples was used in each experiment to generate four independent measurements of each transcript.
Methods for hybridization and scanning of microarray slides have been described previously (34) . The hybridized and washed slides were scanned using a Molecular Dynamics laser scanner for imaging of Cy3-and Cy5-labeled cDNA probes, and the images were analyzed using Array Vision 4.0 software (Molecular Dynamics). The fluorescence signal of each spot above the local background level was calculated before being summed, and the sums were normalized, assuming that the total transcript level in the cell remains unchanged after irradiation. The relative expression level of each ORF was determined by dividing the fluorescence signal associated with each ORF by the fluorescence signals of the entire set of ORFs in the array.
The expression ratio of each transcript (relative expression level from the treated sample versus relative expression level of the control sample [treated/ control ratio]) was calculated for each pair of RNA samples. The average expression ratios were calculated from the multiple measurements and listed in Tables 1 and 2 . A treated versus control ratio of Ͼ1 indicates elevated mRNA abundance, and a ratio of Ͻ1 indicates reduced mRNA abundance. The standard deviations of the multiple measurements from single RNA samples or duplicate RNA samples were included in Tables 1 and 2 . An average induction or repression ratio of 2 (treated/control ratio above 2 or below 0.5) was used as an arbitrary cutoff to assess whether a particular gene's expression level had changed. Genes with expression levels that did not change (expression ratio between 2 and 0.5) in all four experiments are not included in Tables 1 and 2 . DNA microarrays cannot yet accurately measure very low abundance transcripts, and relative expression levels of less than 10% of average expression level were assumed to be 10% in order to reduce errors in expression ratios caused by inaccurate measurement of very low signals.
Northern blotting experiment. Total RNA samples isolated as described previously were fractionated using 1.5 or 2% agarose gels containing 6.7% formaldehyde, transferred onto a BrightStar-Plus nylon membrane (Ambion, Austin, Tex.), and then subjected to probe hybridization. 32 P-labeled DNA probes were synthesized using the RadPrime DNA labeling system (Life Technologies, Gaithersburg, Md.). Hybridization signals were detected with a PhosphorImager 445SI (Molecular Dynamics) and quantitated using ImageQuant software (Amersham Biosciences, Sunnyvale, Calif.).
RESULTS
(i) Quality control of Synechocystis sp. strain PCC 6803 DNA microarray. In order to assess the quality of spotted glass slides, Synechocystis sp. strain PCC 6803 genomic DNA was used as a template for fluorescent Cy3-dCTP or Cy5-dCTPlabeled DNA synthesis primed by random oligonucleotide hex- amers and amplified with the Klenow fragment of DNA polymerase I (34) . This labeled DNA served as a surrogate for an equimolar mix of all mRNAs. All of the spotted PCR products gave detectable signals with probes derived from genomic DNA, with an average intensity of about eightfold over the background level (data not shown).
(ii) Global gene expression profiling of Synechocystis sp. strain PCC 6803 cells in response to UV-B irradiation. To elucidate the effects of different UV-B intensities and exposure times on the global gene transcription profile of exponentialphase Synechocystis, cells were treated with UV-B at a low intensity (20 microeinsteins m Ϫ2 s Ϫ1 ) for 20 or 120 min and at a high intensity (60 microeinsteins m Ϫ2 s Ϫ1 ) for 120 min. In Fig. 1 , the average signal intensities of treated samples are plotted versus average signal intensities of control samples. With UV-B irradiation of 20 microeinsteins m Ϫ2 s Ϫ1 , the number of induced or repressed mRNAs declined slightly with exposure time. Fifty-five genes were induced more than twofold and 44 genes were repressed more than twofold after 20 min of UV exposure, while 21 genes were induced more than twofold and 40 genes were repressed more than twofold after the 120-min exposure. This indicated a rapid transcriptional response to the UV-B insult, followed by a relaxation of the transcription levels towards an equilibrium state. Upon UV-B irradiation at 60 microeinsteins m Ϫ2 s Ϫ1 for 120 min, Synechocystis cells exhibited a more profound alteration in the transcription profile. Both the number of genes affected and the magnitude of changes increased, with 146 genes induced more than twofold and 159 genes repressed more than twofold. Treatment of exponential-phase Synechocystis cells with this intensity of UV-B for 2 h resulted in at most a small loss of viability (44% survival as measured by colony formation units).
(a) Photosynthetic gene and accessory photosynthetic gene transcripts. The D1 core protein of photosystem II is highly susceptible to damage by UV-B-generated radicals. Two genes, psbA2 and psbA3, encoding identical D1 polypeptides were induced four to sixfold by UV-B irradiation at 20 and 60 microeinsteins m Ϫ2 s Ϫ1 , consistent with other results (23) . Due to the sequence identity between the psbA2 and psbA3 ORFs, it is not possible to assign transcripts to either one of these two Table 2 ). The repressed genes included psaA and psaB (the two major components of photosystem I) and photosystem I subunit-encoding genes psaC, psaD, psaE, psaF, psaJ, psaK, and psaL. Most significantly, the transcription of both psaA and psaB was repressed about 20-fold after 2 h of intense UV-B irradiation.
The FtsH protein of chloroplasts is an integral thylakoid membrane protease involved in degradation of D1 protein damaged by photooxidation (22) . We showed that the expression of cyanobacterial ftsH was regulated by UV-B light. After exposure to UV-B irradiation, ftsH transcription increased two-to sixfold. Synechocystis has four ftsH genes, of which sll1463 is highly homologous to the Helicobacter pylori ftsH gene, while the others (slr1604, slr0228, and slr1390) are highly homologous to ftsH genes in other photosynthetic organisms. Since the cross hybridization between cDNA probes and different ftsH genes in DNA microarray cannot be ruled out, other methods such as nuclease protection assay are necessary for analyzing the relative expression profiles of the four ftsH genes.
In addition to photosystem I genes, there was a coordinate down-regulation of most genes encoding structural subunits of the phycobilisome light-harvesting antenna (Table 2) . These genes included apcA, apcB, apcC, apcE, apcF, cpcA, cpcB, cpcC, cpcD, and cpcG. A putative operon formed by cpcB (sll1577), cpcA (sll1578), cpcC (sll1579 and sll1580) contained some of the most highly repressed genes, with expression levels of 0.05-to 0.08-fold. Biosyntheses of tetrapyrrole precursors leading to phycobilin and chlorophyll may have slowed, as indicated by the repression of hemA, hemF, and heme oxygenase genes. Phycocyanin-phycocyanobilin lyase, encoded by cpcE and cpcF, catalyzes covalent thioether bond formation between the light-absorbing tetrapyrrole molecule phycocyanobilin and apophycobiliproteins to give the functional phycocyanobilin protein (9) . The transcription levels of cpcE and cpcF were not affected by UV-B. NblA and NblB are polypeptides involved in phycobilisome degradation. The transcription levels of nblA and nblB were up-regulated by three-to eightfold, contrary to the repression of phycobilisome structural genes. This suggested a coordinate slowdown of phycobilisome biosynthesis and activation of phycobilisome degradation in UV-B-treated Synechocystis. The net result is to minimize the cell's effective exposure to damage.
Chlorophylls and carotenoids are accessory pigments of the light-harvesting antenna in Synechocystis. Under UV-B exposure, chlorophyll biosynthesis-specifying RNAs were strongly repressed by 2-to 10-fold, including bchH, chlL, chlB, chlN, and chlP. In contrast to this repression, some carotenoid biosynthesis genes were induced (crtP [two-to fourfold], crtE [two-to fivefold], and crtQ [1.4-to 2-fold]). In addition to the singlet oxygen quenching of carotenoids, cellular detoxification of superoxide was suggested by the induction of the superoxide dismutase-specifying gene sodB (two-to sixfold).
(b) ATP generation. Consistent with the down-regulation of photosystem I genes, transcripts allowing ATP synthesis by the F o -F 1 ATPase were repressed. A putative operon formed by atpG (sll1323), atpF (sll1324), atpD (sll1325), atpA (sll1326) and atpC (sll1327) had expression ratios of 0.1 to 0.5 (Table 2) . This suggests a down-regulation of ATP generation, as a result of reduced photosynthetic activity.
(c) CO 2 fixation. The transcription of genes involved in carbon dioxide fixation is regulated by light (31) . The transcription of ribulose bisphosphate carboxylase-oxygenase (Rubisco) genes (rbcL and rbcS) was synchronized with the level of photosynthetic activity: rbcL, rbcS, and rbcX were four-to fivefold down-regulated after 2 h of intense UV-B exposure. RbcX acts analogously to the GroEL/GroES chaperone proteins for Rubisco folding (21) . An inorganic carbon-concentrating mechanism in cyanobacteria allows the cells to adapt to a wide range of CO 2 concentrations in the environment via a light-dependent process (17) . Under UV-B conditions, the operon composed of genes encoding carbon dioxide-concentrating mechanism proteins (ccmK [sll1028 and sll1029], ccmM [sll1031], and ccmN [sll1032]) was repressed ( Table 2) .
(d) HLIP family. hliA (ssl2542), hliB (ssr2595) and hliC (ssl1633) encode for small 70-amino-acid HLIPs (7) . Their transcript levels increase in high-intensity light and during nutrient starvation, and their presence has been proposed to be essential for acclimation to high-intensity white light (13) . hliB of Synechocystis is one of the most highly induced genes (31-fold) after 2 h of 60 microeinsteins of UV-B m Ϫ2 s Ϫ1 . hliA and hliC were induced by five-and eightfold, respectively. Therefore, it is likely that hliA, hliB, and hliC are important for UV-B acclimation in addition to high light acclimation.
(e) Heat shock response. The heat shock response is triggered by unfolded cytoplasmic proteins (25) . We have shown that UV-B led to induction of the heat shock response in Synechocystis. Heat shock regulon members whose mRNAs were elevated include dnaJ, dnaK, groEL, groES, clpB, hsp17, and htpG. Proteases HhoA, HhoB, Prc, and ClpC are involved in degradation of damaged or misfolded proteins (1) . The transcripts specifying these proteins were induced moderately (two-to threefold) after 120 min of 60 microeinsteins of UV-B irradiation m Ϫ2 s Ϫ1 (Table 1) . (f) Stringent response. The 2-h exposure of Synechocystis to intense UV-B led to a stringent response (3) in Synechocystis, a phenomenon not observed at 20 microeinsteins m Ϫ 2 s Ϫ1 . There was an overall repression of the translation machinery, including genes encoding large and small ribosomal proteins (0.5-fold for most rbl and rbs genes) ( Table 2 ). The transcript level of tufA, encoding protein synthesis elongation factor Tu, was down-regulated more than fivefold. In E. coli, the transcription of rpoD encoding the major sigma factor 70 is positively regulated during the stringent response (3). The Synechocystis genome contains six copies of rpoD genes, three of which (sll2012, sll0184, and sll0306) were induced. Due to their sequence homology, the expression profiles of these three rpoD genes cannot be differentiated by DNA microarray analysis.
(g) Light-mediated signaling. Plant phytochromes are photoreceptor proteins that regulate growth and development in response to changes in the ambient light environment (26) . The cyanobacterial phytochrome Phy (slr0473) is responsible for sensing red or far red light and acts as a light-regulated histidine kinase in the initial step of the light-mediated signaling pathway (35) . The transcription of slr0473 was repressed by a factor of 2 after 20 min of irradiation with 20 microeinsteins of UV-B m Ϫ2 s Ϫ1 and by a factor of 4 after 2 h of 60 microeinsteins of UV-B m Ϫ2 s Ϫ1 . This suggests that Phy might be involved in the signaling pathways in response to UV-B and visible light. A phytochrome-regulated gene (sll1214), with homologous sequences in Porphyra purpurea and Arabidopsis thaliana, was down-regulated by UV-B, possibly as a result of phytochrome-mediated transcriptional repression.
(iii) Confirmation of DNA microarray data with Northern blot analysis. In order to validate the results from the microarray study, we performed Northern blot analysis for ftsH, hemA, and rbcL genes (Fig. 2) . A comparison of Northern blot and DNA microarray results is listed in Table 3 . For all three genes, expression ratios obtained by DNA microarray were consistent with ratios obtained by Northern blot analysis. This confirmed qualitatively the measurements made by microarray and suggested that nonspecific hybridization of rRNA to DNA probes is not significant. At an intense white light fluence, the most significantly induced gene families were involved in CO 2 transport, concentration, and fixation. The transcripts of a bicarbonate transporter complex were elevated, including the genes encoding CmpA (slr0040, sevenfold), CmpB (slr0041, fivefold), and CmpC (slr0043, threefold). Genes encoding inorganic carbon-concentrating mechanism proteins, including CcmK (sll1028 and sll1029), CcmL (sll1030), CcmM (sll1031), and CcmN (sll1032) were induced by two-to threefold. Rubisco genes were also moderately induced: rbcL, rbcS, and rbcX were induced twofold each, indicating increased carbon fixation activity. In contrast, the ccm genes and rbc genes were repressed by the same fluence of UV-B light. NAD(P)H dehydrogenase type I complexes have been implicated in the CO 2 uptake process (19) . Consistent with this, intense white light-induced expression of NADH dehydrogenase subunits NdhD (slr2007), NdhD2 (slr1291), NdhD3 (sll1733), and NdhF (sll1732), with induction ratios of two-to sevenfold, was observed. The effects of intense white light irradiation on the photosynthetic pathways were similar to UV-B irradiation of the same fluence. Increase of light intensity from 25 to 200 mi- Similar to the UV-B exposure, carotenoid biosynthesis genes crtP and crtQ were induced by intense white light, perhaps to increase singlet oxygen scavenging. Oxidative stress could also be countered by induction of glutathione peroxidase (slr1992) that detoxifies peroxides. slr1992 was up-regulated fourfold. Only one of the three hli transcripts elevated by UV-B, hliC, was induced fourfold by 200 microeinsteins of white light m Ϫ2 s Ϫ1 . High-intensity white light also initiated a heat shock response in Synechocystis, as observed by the three-to fourfold induction of groEL/groES transcripts and two-to threefold induction of hhoA, hhoB, prc, and hsp17.
DISCUSSION
To accomplish photosynthetic electron transport and carbon fixation while avoiding damage from sunlight, cyanobacteria have evolved to adapt to constant fluctuations in solar irradiation, of which about 7% is in the UV-B range. We applied UV-B irradiation to Synechocystis cells at intensities that approximate the amount of UV-B in sunlight and studied the initial transcriptional response after a 20-min irradiation and the longer-term response to a 2-h exposure. After a 20-min UV-B exposure, changes in gene transcription profile were observed, consistent with previously described phenotypic responses of Synechocystis cells challenged by UV-B. The primary targets of UV-B irradiation are the photosystems and the accessory light-harvesting pigments. The heat shock regulon was induced, perhaps in response to the oxidative damage generated by UV-B treatment. At a higher UV-B intensity of 60 microeinsteins m Ϫ2 s Ϫ1 , the triggering of the stringent response was observed, which could be due to inadequate concentrations of aminoacyl-tRNA molecules, perhaps caused by intramolecular tRNA cross-links. A further down-regulation of photosynthetic genes (except for psbA genes) suggested a decrease of photosynthetic activity as UV-B exposure intensified from 20 to 60 microeinsteins m Ϫ2 s Ϫ1 . About half of Synechocystis cells survived the 60 microeinsteins of UV-B irradiation m Ϫ2 s Ϫ1 for 2 h, suggesting that the cells were able to recover from damage caused by UV-B.
By exposing Synechocystis to intense white light, we sought to understand the mechanisms by which Synechocystis adapted to changes in light intensity versus light quality. We chose to irradiate Synechocystis at 200 microeinsteins of white light m Ϫ2 s Ϫ1 , which is comparable to the intensity of 60 microeinsteins of UV-B irradiation m Ϫ2 s Ϫ1 . Although these two experiments cannot be directly compared for their light acclimation programs, it is reasonable to compare the transcriptional response to various light stresses and therefore differentiate their stress response mechanisms. As indicated in the profiles of certain stress response genes (e.g., those encoding glutathione peroxidase and heat shock proteins), Synechocystis cells experienced stress even when shifted from 25 microeinsteins of white light m Ϫ2 s Ϫ1 to the moderately high-intensity white light condition at 200 microeinsteins m Ϫ2 s Ϫ1 . The intense white light-and UV-B-mediated gene expression profiles overlapped in the down-regulation of photosynthetic genes and induction of the heat shock response but differed in several other transcriptional processes, including those specifying carbon dioxide uptake and fixation, the stringent response, and the induction profile of the HLIPs.
Photosystem II D1 protein is a primary target of UV-B and white light damage, and transcription of the psbA genes encoding the D1 protein was shown previously to be induced by both UV-B and intense white light (23) . Our results indicate that both D1 resynthesis and degradation respond similarly to UV-B and strong white light. We found that the transcript level of the Synechocystis FtsH protease is likely to be coregulated with the transcription of psbA. It is possible that one or more of the four copies of FtsH protease degrade D1 protein, although more-detailed studies are needed to identify the roles of all the FtsH proteins. The observed parallel responses of transcripts specifying D1, D1-processing protease CtpA, and D1-degrading FtsH protease suggested that the biosynthesis, processing, and degradation of D1 are coordinated.
A significant amount of the biosynthetic capacity of Synechocystis is committed to synthesis of proteins of the phycobilisome complex. For Synechocystis grown under 25 microeinsteins of white light m Ϫ2 s Ϫ1 , phycobilisome genes are among the most highly expressed genes in the genome (data not shown). In nitrogen-depleted conditions, phycobilisomes are degraded to provide nitrogen and carbon for cellular biosynthesis (12) . NblA activates phycobilisome degradation during nutrient limitation, whereas NblB encodes a polypeptide homologous to CpcE, a subunit of phycocyanin-phycocyanobilin lyase. While nblA is induced during nutrient limitation, the transcript level of nblB is constitutive (9). Our results indicated that under UV-B illumination, Synechocystis cells might inversely couple phycobilisome biosynthesis with the phycobilisome catabolism in the form of the production of phycobilisome degradation proteins NblA and NblB. The induction of nblB upon UV-B irradiation supports the suggestion that NblB plays a role in hydrolysis of the covalent bond between linear tetrapyrrole and apophycobiliproteins as part of the degradation process of phycobilisome complexes (6) .
Although the heat shock response was evident in both UV-B-and high-light-irradiated cells, the numbers of genes induced were significantly different. Under 200 microeinsteins of white light m Ϫ2 s Ϫ1 , only genes coding for the GroEL/ GroES complex and Clp protease/chaperone family were induced, but upon irradiation with UV-B, additional genes including those coding for the DnaJ/DnaK and Hsp90 (HtpG) chaperone complexes were also induced, as well as the transcript which specifies the small heat shock protein Hsp17. The stronger heat shock responses could reflect greater damage caused by free radicals from UV-B illumination compared to white light and differential transcription of the heat shock regulon. Due to the increased radical levels and superoxide concentrations upon UV-B exposure, Synechocystis may also have elevated titers of protective molecules, including carotenoids, glutathione peroxidase, and superoxide dismutase, as suggested by the mRNA profiles.
HLIPs have been proposed to play roles in adaptation to both nutrient starvation and high-intensity white light (4) . hliA (ssl2542), hliB (ssr2595), and hliC (ssl1633) were all highly induced by UV-B, but only hliC was induced by 200 microeinsteins of white light m Ϫ2 s Ϫ1 . It is possible that the transcription of hliA, hliB, and hliC are regulated by oxidative damage caused by either UV-B or intense white light. Could hliC be induced by a relatively low level of oxidative damage in white light, which does not lead to elevated transcription of hliA and hliB? On the other hand, hliA and hliB have relatively higher induced levels under more-intense light stresses. At 500 microeinsteins of white light m Ϫ2 s Ϫ1 , the concentration of free radicals may become comparable to radicals generated by 20 to 60 microeinsteins of UV-B m Ϫ2 s Ϫ1 and may have led to induction of hliA and hliB in the studies of He et al. (13) . Although less likely, the minor UV-B component in white light irradiation (1 microeinstein of UV-B m Ϫ2 s Ϫ1 in 200 microeinsteins of white light m Ϫ2 s Ϫ1 ) from the fluorescent light source might be another reason for the induction of hliC under intense white light irradiation.
In summary, we have performed a comprehensive analysis of global gene expression profiles in cyanobacterium Synechocystis in response to UV-B irradiation and high-intensity white light illumination, two common environmental factors for photosynthetic organisms. We showed that the DNA microarray approaches used for E. coli, Saccharomyces cerevisiae, and other organisms could be directly applied to Synechocystis. This work demonstrated an integrated global regulatory network in Synechocystis that suggests a dynamic orchestration of many pathways, including light harvesting and assimilation, photosynthesis, detoxification, heat shock response, and the stringent response. Both UV-B and high white light irradiation resulted in coordinate responses involving multiple strategies adopted by Synechocystis cells to avoid excessive light harvesting, reduce oxidative damage, and degrade and resynthesize damaged proteins. Since many Synechocystis genes have orthologs in algae and higher plants, the adaptation of cyanobacteria to UV-B and high-intensity white light will shed light as to how other photosynthetic organisms adapt to irradiation. Our results of gene expression profiles upon intense white light irradiation are consistent with the profiles described by Hihara et al. performed under similar conditions (14) .
